It is now known that 5-HT regulates several neurobehavioral systems such as mood, appetite, sleep, learning, and memory. It also plays critical roles in the physiological functions of peripheral organs involved in stress, growth, and reproduction in the animal kingdom. 5-HT content has seen to be higher in the nervous system of bivalves than those of other examined invertebrates and vertebrates. Thus, bivalves have been considered as an excellent model to investigate 5-HT functions in neurological and peripheral systems. The present study reviews knowledge on 5-HT signaling mediated through 5-HT receptor and its physiological contribution to regulate reproduction in bivalves. Two G-protein-coupled 5-HT 1 -like receptors have been cloned in bivalve species. However, binding affinities of the 5-HT agonists and antagonists to the isolated plasma membrane proteins and their effects on spawning in bivalves suggest the presence of a single or mixed 5-HT 1 -, 5-HT 2 -, and 5-HT 3 -like receptors. It has suggested that the 5-HT-like receptors in bivalves are distinct from those of mammalian 5-HT receptors due to pharmacological properties. The present review pays a special attention to future research perspectives to better understand 5-HT regulation of reproduction in bivalves, which can provide us with satisfactory knowledge to elucidate reproductive disorders associated with dysfunctions of the neurotransmitter system.
Introduction
5-hydroxytryptamine called serotonin (5-HT) is a transmitter substance of the nervous system in animal kingdom. 5-HT has also been identified in bivalves from the period of its first discovery and earlier studies on these animals have led to convince the neurobiologist that it acts as a neurotransmitter.
A brief bibliography of discovery for 5-HT receptor and its physiological functions is provided in Table 1 . Gaddum and Picarelli [6] were the first who demonstrated that 5-HT acts through a receptor-mediated pathway. Further studies have then directed toward pharmacological characterization of the 5-HT receptors in the nervous system and peripheral organs using radiolabelled ligands [7, 8] until the first molecular identity of the 5-HT receptor [9] . In 1960-1980s, 5-HT neurons have localized in the nervous system and peripheral organs (including gonad) of bivalves. Then, Sugamori et al. [10] and Tanabe et al. [11] cloned the 5-HT receptors in the nervous system and reproductive system of pond snail (Lymnaea stagnalis) and Yesso scallop (Patinopecten yessoensis), respectively. Taken together, bivalves and mammals become model organisms to investigate receptor-mediated mechanism of 5-HT physiological function because of small size, a simple nervous system and a high content of 5-HT in the nervous system. [7] 1979
Peroutka and Snyder Evidence for the presence of two distinct 5-HT (5-HT 1 and 5-HT 2 ) in the rat brain derived from their selective recognition by radiolabelled ligands [8] 1982
Matsutani and Nomura Serotonin stimulates spawning in Yesso scallop (Bivalvia, Mollusca) [18] 1984 Hirai and Koide 5-HT stimulates oocyte maturation in surf clam [27] 1985 Osanai 5-HT regulation of the oocyte signaling required to undergo germinal vesicle breakdown [28] 1988 Fargin et al. Molecular identity of 5-HT 1A receptor [9] 1991 Bandivdekar and Koide Pharmacological identification of serotonin receptor in surf clam [29] 1993 Sugamori and Van Tol Molecular identity of 5-HT receptor in pond snail (Gastropoda, Mollusca) [10] 2010 Tanabe and Osada Molecular identity of 5-HT receptor in Yesso scallop [11] Species: pond snail, Lymnaea stagnalis; surf clam, Spisula solidissima; Yesso scallop, Patinopecten yessoensis. Table 1 . Bibliography of 5-hydroxytryptamine (serotonin, 5-HT) receptor: from discovery to physiological characterization.
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Serotonin regulates various neurobehavioral systems (such as mood, appetite, sleep, learning, and memory). However, studies have revealed that it also plays critical roles in physiological functions of peripheral organs such as stress and growth [1] [2] [3] . One of the major system that 5-HT contributes to its regulation is reproduction. In both mammals and bivalves, it has observed that 5-HT regulates reproductive endocrine system, oocyte maturation, and sperm motility [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Although 5-HT biosynthesis and its receptor structure have been reviewed in bivalves [24] [25] [26] , however, there is a gap of review on physiological signaling of 5-HT in these animals. The present study reviews the biology of 5-HT in bivalves, particularly, its contribution to reproduction. Particular attention has then paid to pharmacological characteristics of the 5-HT receptor and 5-HT-stimulated spawning through a receptor-mediated mechanism. This study provides future perspectives that await investigation to better understand 5-HT network and signaling in bivalve reproduction.
Molecular identity and pharmacological characteristics of the 5-HT receptors
Since the time Gaddum and Picarelli [6] suggested the presence of two kinds of tryptamine receptor, further studies have been conducted to identify and localize the 5-HT receptors to elucidate serotonergic signaling in biological systems. Fargin et al. [9] were the first who reported that the protein product of an orphan receptor (G21) encoding a G-protein-coupled receptor (GPCR) transiently expressed in monkey kidney cells possesses all the typical ligand-binding characteristics of the 5-HT 1A receptor. Molecular identity of 5-HT receptors has revealed that there are, so far, a total of 14 structurally and pharmacologically distinct mammalian 5-HT receptors which are classified into seven groups. Except of the 5-HT 3 receptor that is a ligand-gated ion channel [35, 36] , the 5-HT 1 , 5-HT 2 , 5-HT 4 , 5-HT 5 , 5-HT 6 , and 5-HT 7 belong to GPCR superfamily [4, 5, [37] [38] [39] [40] [41] . In invertebrates, pharmacological properties of the 5-HT receptors do not allow us to classify them in mammalian categories, although some signal transduction characteristics are similar [26] .
Pharmacological characteristics of 5-HT receptors in bivalves
In bivalves, primary studies have used pharmacological 5-HT agonists and antagonists to investigate their binding affinities onto isolated membrane proteins of the oocytes and sperm using radiolabelled [ of the oocytes in surf clam, whereas other monoamines (such as acetylcholine, haloperidol, carbachol, pyrilamine, and so on) are without effects [43, 44] . (5-CT, mianserin, methysergide, and 8-OH-DPAT) and   the 5-HT 3 receptor (ICS 205930 and 2-methyl-5-HT) analogs. However, current pharmacological characterization of 5-HT receptor analogs reveals that 5-CT is a non-selective agonist, and mianserin and methysergide are particularly selective antagonists of the 5-HT 2 receptor ( Table 2 ). These may suggest that the 5-HT 2 receptor also exist on the membrane of the oocytes in surf clam, in addition to the 5-HT 1 and 5-HT 3 receptors [29, 46] . Krantic et al. [43, 44] 8-OH-DPAT also acts as a 5-HT 7 receptor agonist [76] and possesses serotonin reuptake blocking property [77] . TFMPP binds to SERT and evokes 5-HT release [78] . mCPP acts as 5-HT reuptake inhibitor/releasing agent [79] . Unlike mCPP, TFMPP has insignificant affinity for the 5-HT 3 receptor [80] . BMY-7378 is a weak partial 5-HTlA agonist compared to 8-OH-DPAT that is a full 5-HT1A agonist [81, 82] and is a selective antagonist of α 1D -adrenoceptors [83] . PBG and mCPBG have dopamine releasing properties [84] . Methysergide also acts as a 5-HT 1A, 1B, 1D receptors' partial agonist. 5-HT and methysergide appear not to compete for the same site, whereas ketanserin and methysergide do appear to compete for the same site [56, 66, 85] . Quipazine also acts via 5-HT 2 receptor as an agonist [86, 87] or antagonist of 5-HT 3 receptor [88, 89] . Metoclopramide acts as antagonist of dopamine D 2 receptors [90] and as a 5-HT 4 receptor agonist [91] . Table 2 ). In addition, this study shows that metoclopramide does not influence [ 
Molecular identity and cellular localization of 5-HT receptors in bivalves
In mollusks, the 5-HT Lym and 5-HT 2Lym are first identified in the central nervous system of the pond snail (L. stagnalis). They display some pharmacological characteristics of the 5-HT 1 and 5-HT 2 receptors in mammals, and thus are currently considered as the 5-HT 1 -like receptor and the 5-HT 2 -like receptor, respectively [10, 92] . The Ap5-HT B1 and Ap5-HT B2 [93] , 5-HT 1AP [94] , and 5-HT 2AP [95] are identified in California sea slug (Aplysia californica). The Ap5-HT B1 and Ap5-HT B2 (79.5% homologous to each other) are expressed in the reproductive system and the nervous system, respectively; however, they are not classified into any 5-HT receptor subtypes in mammals due to differences in their amino acid sequences [93] . The 5-HT 1AP is distributed in most organs, including the nervous system, kidney, gills, and heart, and its amino acid sequence and pharmacological profiles suggest that it is a 5-HT 1 receptor subfamily [94] . The 5-HT 2AP shares 68 and 34% of its amino acid sequence identity with the 5-HT Lym and 5-HT 1 receptor in mammals, its pharmacological characteristics is very similar to those of the 5-HT Lym receptor, and it is only expressed in the nervous system [95] .
In bivalves, the 5-HT receptors are cloned in the ovary of the Yesso Scallop [11] , and Pearl oyster, Pinctada fucata [96] (Figure 1 ). Molecular identity of the 5-HT receptor is also predicted for the Pacific oyster (5-HT cg ) [97] . In the Yesso scallop, an 1818 bp cDNA encodes a putative 5-HT py receptor that includes a 232-bp 5′-untranslated region (UTR), a 1362-bp open reading frame (ORF) encoding a putative protein of 454 amino acids, and a 224-bp 3′-UTR. In the Pearl oyster, a 2541 bp cDNA encodes a putative 5-HT pf receptor that includes a 296-bp 5′-UTR, a 1416-bp ORF encoding a putative protein of 471 amino acids, and an 829-bp 3′-UTR. The 
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of mollusks (5-HT 2 in pond snail, 5-HT 7 in the air-breathing snail, 5-HT B1 and 5-HT B2 in the California sea slug) are differentiated into different branch. Except of two latter case which display difficulties to be classified in terms of 5-HT receptors in vertebrates [26] , the 5-HT 2 in pond snail and the 5-HT 7 in the air-breathing snail are considered as the 5-HT 2 -like and the 5-HT 7 -like receptors, respectively [92, 98] .
The 5-HT py and 5-HT pf are expressed in most of the organs, including the ovary, testis, mantle, adductor muscle, gill, the nervous system (cerebral-pedal ganglia and VG), digestive gland, or kidney [11, 96] . In situ hybridization has shown that the 5-HT py mRNA is localized in the oocytes and epithelium of the gonoducts in the ovary and in the spermatids and epithelium of the gonoduct in the testis [11] . It has histologically observed that, at spawning, mature oocyte and sperm are collected and evacuated from the acini into the surrounding aquatic environment via gonoducts in the great scallop [99] . Real-time PCR analyses of the 5-HT pf mRNA transcription reveals that the order of decreasing is as follows: mature ovary > mature testis, VG, and digestive gland > mantle, gills, and adductor muscle. In addition, the testicular and ovary 5-HT pf mRNA transcription does not differ among resting, developmental, and mature stages, however, increases in the ovary at spawning stage [96] .
Receptor-mediated 5-HT stimulation of spawning in bivalves
Matsutani and Nomura [18] observed that injection of homogenates of CG, PG, or VG into the gonad of Yesso scallop induces spawning in 100% of males; however, they are without effects on females. In another experiment, they observed that 5-HT induces spawning in 100% of males and 73.3-80% of females. No other neurotransmitters, including adrenaline, noradrenaline (NA), and ϒ-aminobutyric acid, induced spawning [100] [101] [102] [103] . Acetylcholine and dopamine (DA) induce spawning in males (40%), however they are without effects on females. Similarly, further studies have shown that neurotransmitters except of 5-HT are not potent to induce spawning in the surf clam [40] , Zebra mussel [104] , and Peruvian scallop [33, 105] . It is worth to note that DA at high dose (2 × 10 −3 M) is capable of inducing spawning in males of Peruvian scallop [105] and in both males and females of Lion's paw scallop (Nodipecten nodosus) and Nucleus scallop (Argopecten nucleus) [106] . Omitting these exceptions, it has been accepted that 5-HT is the most potent neurotransmitter that induce spawning in bivalves at physiological concentration ( Table 3) [107, 108] . It has also observed that 10 −4 to 10 −6 M 5-HT stimulates the release of the oocytes from the ovary tissues and sperm from the testicular tissues following a 90-min incubation, in vitro [109] [110] [111] [112] . These are in agreement with identification of 5-HT and localization of nerve fibers transferring 5-HT from nervous system to gonad, which are observed around acini or gamete collective tubules. Both males and females response to exogenous 5-HT in a dose-dependent manner. However, it seems that females usually require higher amount of 5-HT than that of a male to release the oocytes. The observed sex-specificity might be related to inter-sex differences in the concentration of 5-HT, which are shown to be higher in males than in females [32, 34] . Moreover, studies show that 5-HT fully stimulates spawning in ripe individuals.
As 5-HT fibers are localized in the gonad of bivalves, these observations pioneered further research to elucidate mechanism through which 5-HT induces spawning. In Zebra mussel, methiothepin, a non-selective 5-HT 1 receptor antagonist ( Table 2) , decreases 5-HT-induced spawning when it is added into the aquarium 5 min after addition of 5-HT. However, it is without effects on 5-HT-induced spawning when it is added into the aquarium 10 min after addition [120] . between 5-HT binding sites [104] or suggests the presence of more than one type 5-HT receptor to regulate 5-HT-induced spawning.
In Japanese clam [122] , 1, 10, 20, 50, 100, and 1000 μM α-methyl-5-HT injected into the foot induces spawning in 0, 25, 31, 63, 75, and 100% of specimens, respectively, compared to 0% in control and 100% in ≥20 μM 5-HT. In addition, Japanese clams injected with 10, 100, and 4 Induction of spawning in the male phase of hermaphrodite scallop.
5 Animals are exposed, and the percentage of parturition is evaluated based on the number of the release of juveniles. Table 3 . 5-hydroxytryptamine (serotonin, 5-HT) stimulates spawning in various species of bivalve mollusks.
Pharmacology and Molecular Identity of Serotonin Receptor in Bivalve Mollusks http://dx.doi.org/10.5772/intechopen.696801000 μM 8-OH-DPAT into the foot spawns 15, 33, and 100%, respectively. In this species, neither TFMPP nor mCPBG induces spawning in Japanese clam. Injection of mianserin into the foot of Japanese clam decreases spawning to 25 and 0% at 100 and ≥500 μM, respectively. The mianserin-inhibited spawning can be partially overcome by the second injection of 20 μM 5-HT, resulting in 60 and 50% spawning at 100 and 500 μM, respectively. Based on the rank order of potency of the 5-HT agonists, the authors suggested that a mixed 5-HT 1 /5-HT 2 receptor mediates 5-HT-induced spawning in this species. However, spawning of the individual pre-treated with mianserin may also suggest that 5-HT binding sites to induce spawning are different from those of mianserin. On the other hand, there might be more than one 5-HT receptor in the Japanese clam; however, 5-HT signaling seems to be mediated via a 5-HT 1 receptor. It might be due to sensitivity and insensitivity of 5-HT binding sites to 5-HT analogs. On the other hand, the 5-HT receptor(s) in bivalves is distinct from those of other organisms. However, molecular identity of 5-HT receptor shows that the 5-HT receptor in bivalve seems to be a homolog of 5-HT 1 receptors in mammals.
Conclusion and future research perspectives
Tissue distribution of the 5-HT receptor has shown that it is widely expressed in various organs, although its mRNA transcription is relatively high in the ovary and testis. This suggests multifunctional characteristics of 5-HT in bivalves. In addition, transcription of the 5-HT receptor undergoes seasonal variation. Studying 5-HT content and expression of 5-HT receptor in the nervous system and the gonad of bivalves will help us to better understand 5-HT signaling in reproduction.
To better understand receptor-mediated 5-HT signaling, it requires to produce genetic models of bivalves that do not express 5-HT receptor(s). Another valuable biological tool is to use bivalves that show natural alternations in 5-HT biosynthesis or natural disruption of reproduction. Bivalves host some parasites that particularly infect the reproductive system. For instance, Garnerot et al. [31] observed histopathological changes in the gonad of softshell clam infected with a trematode Prosorhynchus squamatus. In infected individual, the follicles and genital follicles are not surrounded by 5-HT-IR fibers around, and 5-HT staining is clearly visible inside the parasite. Another example is protozoan Marteilioides chungmuensis that become mature in the oocyte of the pacific oyster [126] . The parasites affect the reproductive follicles causing irregular enlargement of the infected gonadal tissues [127] . Although infected female oysters produced oocytes continuously and spawned repeatedly, however the parasites cause nutritional wasting and mortality, and affect the reproductive output of infected female oyster [127, 128] . Ngo et al. [129] also reported that M. chungmuensis delays spawning and cause damages to ripe oocytes. These biological examples of parasite-infected bivalves can provide us with model organisms to study 5-HT regulation of gonadal development and gamete maturation.
